A longstanding challenge in studies of neurodegenerative disease has been that the pathologic protein aggregates in live tissue are not amenable to structural and kinetic analysis by conventional methods. The situation is put in focus by the current progress in demarcating protein aggregation in vitro, exposing new mechanistic details that are now calling for quantitative in vivo comparison. In this study, we bridge this gap by presenting a direct comparison of the aggregation kinetics of the ALS-associated protein superoxide dismutase 1 (SOD1) in vitro and in transgenic mice. The results based on tissue sampling by quantitative antibody assays show that the SOD1 fibrillation kinetics in vitro mirror with remarkable accuracy the spinal cord aggregate buildup and disease progression in transgenic mice. This similarity between in vitro and in vivo data suggests that, despite the complexity of live tissue, SOD1 aggregation follows robust and simplistic rules, providing new mechanistic insights into the ALS pathology and organism-level manifestation of protein aggregation phenomena in general.
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superoxide dismutase 1 | aggregation | transgenic mice | aggregation kinetics S o far, the difficulty to experimentally measure protein aggregation in live tissue has focused many researchers to infer mechanistic details of neurodegenerative disease from molecular studies in vitro. An important outcome of this in vitro development is the establishment of rational protocols for quantitative assessment of protein aggregation data (1) (2) (3) (4) , which now start to consolidate our view of what is happening (5) . Protein aggregation follows general and simplistic rules dictated by the amino acid sequence. However, the sheer number of competing aggregation sites within a typical protein chain (6) makes the process intrinsically malleable and dependent on experimental conditions (7). The nagging concern is then to what extent these already complex in vitro data are transferable to the even more complex situation in vivo? Here, we shed light on this question by comparing directly in vitro aggregation kinetics with corresponding data from transgenic mice using a recently developed in vivo quantification strategy based on antibodies (8) . Our model system is the aggregation of superoxide dismutase 1 (SOD1) associated with the motor neuron disease ALS (8) (Fig. 1) . A key feature of this system is that the immature apoSOD1 monomer, which is also implicated as a precursor in human pathology (9) (10) (11) (12) , needs to be globally unfolded to fibrillate in vitro (7) (Fig. 1 ). This simplistic behavior presents the experimental advantage that the fibrillation kinetics of apoSOD1 show simple dependence on structural stability (13, 14) :
where N is the soluble native structure, and D is the aggregationcompetent unfolded state. Accordingly, it has been shown that the in vitro fibrillation of apoSOD1 displays the characteristic fingerprint of fragmentation-assisted growth (15) with a square root dependence on [D] (7), consistent with the requirement of sample agitation to expedite the reaction (1) (2) (3) (4) 10) . Analogous fibrillation behavior is found for β2-microglobulin (2), yeast prions Sup35 (16) and Ure2p (17) , insulin (18) , WW domain (19) , TI 127 (20) , and α-synuclein (21). The main difference between these proteins seems to be that some are intrinsically disordered and constantly aggregation-competent by lacking the ability to hide sticky sequence material by folding. In this study, we see that this simplistic in vitro behavior also translates to the more complex conditions in live tissue: the survival times of ALS mice expressing SOD1 variants of different stabilities are directly correlated with the in vivo levels of globally unfolded protein.
Also, spinal cords of mice expressing the human SOD1 mutation G93A show exponential buildup of SOD1 aggregates with a square root dependence on log[D] indistinguishable from the fibrillation kinetics observed in agitated test tubes. The data raise fundamental questions about not only the striking resemblance between mouse and test tube aggregation but also, the apparent differences with human ALS pathology, which seems to have less ordered progression. Clues to the latter, however, are hinted in data from homozygous D90A mice showing two strains of structurally distinct SOD1 aggregates.
Results
Variability and Statistics of in Vitro Analysis. A general concern in studies of protein aggregation is that the data show high intrinsic variability and require good statistics to pin down (2, 21) . The phenomenon is here illustrated by the aggregation of the SOD1 barrel (SOD1 barrel ) (22, 23) in pure buffer and 5 M urea (Fig.  1D) . Despite a sizable separation of the average times for onehalf depletion of the monomer pool (τ 1/2 ) at 3.2 ± 1.0 and 23.0 ± 8.3 h, respectively, the distributions of individual measurements Significance Here, we address the longstanding question to what extent protein fibrillation behavior as measured under simplified conditions in the test tube is transferrable to protein aggregation disease? Somewhat unexpectedly, we find that superoxide dismutase 1 (SOD1) fibrillation in vitro and growth of pathological SOD1 aggregates in transgenic ALS mice are mechanistically indistinguishable: Both processes reveal exponential kinetics and the typical characteristics of fragment-assisted growth. Although this precise agreement between in vitro and in vivo data opens new possibilities for quantitative examination of the molecular mechanism of neural damage at tissue level, it also moves the question about the medical relevance of our existing experimental tools one step farther: to what extent is protein aggregation in overexpressing mice transferable to late-onset human disease?
can still overlap. To maximize precision, we, therefore, accumulated experiments for each condition/mutant until statistically acceptable distributions appeared and quantified these by their averages. Unless otherwise stated, individual data points represent the average of 6-198 experiments accumulated over a period of 1-36 mo and typically with different protein batches. To reduce the risk of subjective bias, we included all measurements in the final analysis as well as the clear outliers. Validating the approach, the distribution SDs describe a linear increase with τ 1/2 as predicted for stochastic processes (2, 7) (Fig. S1 ). As a final indicator of systematic behavior, the cumulative data show a 1:1 relation between τ 1/2 and the elongation rate (ν max ) (7) (Fig. 1E) : this correlation signals not only exponential growth but is also the hallmark of kinetic control by secondary nucleation or fragmentation (1-4).
Effective Concentration of Aggregation-Competent Material. Unlike disordered peptides, globular proteins, like SOD1, need to unfold to aggregate (7) . Thus, at any given moment, only a fraction ( f) of the protein molecules are aggregation-competent, whereas the rest (1 − f) remain folded and soluble (Fig. 1) . Because f further varies with mutation and experimental conditions, this parameter needs to be accounted for in comparison with data. Based on the observation that apoSOD1 aggregates from unfolded monomers (7) (Eq. 1), the concentration of aggregationcompetent molecules can be written
where c total is total [SOD1], and ΔG D−N is protein stability (Table S1). Accordingly, the concentration of aggregation-competent D can be varied in two ways: by changing (i) ΔG D−N (e.g., by mutation or urea titration) or (ii) c total (e.g., by adding more protein to the test tube or increasing expression levels in transgenic mice). However, there is more to it when it comes to the influence of point mutations on the aggregation kinetics. Mutations not only alter [D] (Eq. 2) but also, the intrinsic stickiness of D itself, because the aggregation propensity (p) of any peptide segment depends on amino acid composition (5, 6) . To account for such p changes, we introduce here the correction factor p Fig. S2 , and Tables S1 and S2). Following the work by Knowles and coworkers (4) , this treatment allows the use of a general expression for the aggregation rate constant (κ) in the limit of secondary nucleation/fragmentation (SI Text):
where κ ∝ τ 1=2 ∝ ν max , [monomer] in the simplest case equals [D] (Eq. 2), and k + and k − are the elongation and fragmentation rate constants, respectively. The exponent γ determines the [monomer] dependence of κ, where γ = −0.5 for completely fragmentation-based aggregation and γ = −1.5 for secondary nucleation-driven aggregation assuming no saturation effects (24) . As shown below, the implementation of Eq. 3 provides a simple means for not only rationalizing mutational effects in vitro but also, delineating the kinetics of SOD1 aggregation in transgenic mice.
Aggregation of apoSOD1 Monomers in Vitro. As a benchmark for interpreting in vivo aggregation data, we determined the effect of mutational perturbation on the SOD1 aggregation behavior under simplified conditions in vitro. To achieve as broad as possible a range of [D] = fc total for defining the protein concentration dependence on κ (Eq. 3), we devised five sets of SOD1 mutations: (i ) ALS-associated mutations of apoSOD1 WT (SOD1 wt ), (ii) ALS mutations of the apoSOD1 monomer C6A/C111A/F50E/ G51E (SOD1 pwt ), (iii) non-ALS mutations in the SOD1 pwt core, (iv) ALS mutations of the loop-truncated SOD1 barrel (SOD barrel ), and (v) non-ALS mutations in the SOD barrel core ( Fig. 2A) . Mutants along with their characteristic parameters for τ 1/2 , ν max , and K D−N in the reduced apo state at pH 6.3 and 37°C (Eqs. 1 and S5) are listed in Table S1 , and controls of pH effects are in Fig. S3 . Now, on plotting log κ vs. log[D] = log fc total for these mutants (SI Text), we yield a linear relation with a slope of γ in vitro = 0.49 ± 0.03 that spans a concentration range of three orders of magnitude (Fig. 2B ). The result matches within error data from urea destabilization (7) . Altogether, these observations show that the aggregation mechanism of SOD1 in vitro is robust and largely independent of how the protein is destabilized. ALS-associated (Table S1 ). (E) Log plot of ν max vs. τ 1/2 for all individual measures in this study showing uniform behavior of the various SOD1 mutants and a slope of one characteristic for exponential growth (1-4). ALS-associated SOD1 mutations examined in ALS mice (red) (Table S1 ), other ALS-associated mutations (blue) (Table S1), and SOD1 control mutations (black) ( Table S1 ). Table S1 with γ in vitro = 0.49 ± 0.03, consistent with fragmentation-assisted growth (colors are the same as in A). (C) Plot of mice survival times vs. normalized tissue [D] , suggesting that apoSOD1 stability (Eq. 2) determines mouse disease (Table S3 ). The lifespans of G93A mice were around 124 d 10 y ago (25) (blue) and have currently increased to 155 d (red). This drift is a common phenomenon in ALS mouse lines and involves a 12% copy number loss from the transgene insertion (SI Text).
mutations do not stand out as special but follow the same trend as any mutation, loop truncation, or even chemical denaturant: the aggregation kinetics depend primarily on [D] that can be varied in many different ways (Fig. 1C) . The consistent slope of γ in vitro = 0.49 suggests, moreover, that the in vitro fibrillation of unfolded SOD1 is assisted by fragmentation (Eq. 3), which is in full accord with data from other disordered proteins (3) . A key feature of such fragmentation is exponential growth followed by monomer depletion (Fig. 1D) , where the sigmoidal time courses contain no information about the initial nucleation process (1-4).
Mouse Survival Times Follow Tissue Levels of Unfolded SOD1 Monomers.
As an organism-level indicator of the in vivo aggregation mechanism, we used the survival times of our six ALS mouse models expressing hSOD1
G93A
, hSOD1
G93A,50%
127X , hSOD1 127X,50% , and hSOD1 wt (Table S3) . To allow quantitative comparison with the in vitro data in Figs. 1 and 2 , the steady-state concentration of soluble SOD1 molecules in spinal cord (c total ) was measured from mRNA levels (25) (SI Text and Table S3 ). For all mutants, this measure X corresponds to the synthesis rate of nascent SOD1 monomers. Under the assumption that X is also proportional to the tissue level of apoSOD1 monomers (X ∝ c total ), we can further estimate the mutantinduced changes of intracellular [D] from ½D=c total = fX=X ref , where the fraction f is mutant-specific and measured from in vitro stability under reducing conditions at 37°C (Eq. 2), and X ref is the reference mRNA level determined for hSOD1 G93A mouse (Table S3 ). The result of this minimalist treatment is a linear correlation between mouse survival times and tissue [D] with R 2 = 0.92 (Fig. 2C) . In terms of in vivo mechanism, this scaling with intracellular concentration of unfolded SOD1 has two notable implications. First, it suggests that the in vitro and in vivo aggregation pathways are similar by relying on globally unfolded monomers for growth (Fig. 1C) . Second, it suggests that the aggregation mechanism is uniform across the different mouse models (i.e., the process responds only to changes in [D] and is otherwise independent of mutant identity). Now, elucidation of the features of this mechanism requires the ability to follow directly the development of SOD1 aggregates in spinal cord tissue.
Quantification of Aggregate Levels in Spinal
Cord. An inherent challenge in molecular studies of neurodegenerative disease is that the amounts of pathologic aggregates in live tissue are too low for structural and kinetic analysis by conventional methods. To circumvent this problem, we use a newly developed method for quantifying the buildup of SOD1 aggregates in small tissue samples based on antibody mapping (8) (Fig. 3A) . In essence, SOD1 aggregates in whole-spinal cord homogenates are captured on a cellulose-acetate filter in a dot-blot apparatus and washed free from any adhered protein components. Samples are then exposed to an array of antibodies recognizing individual segments along the SOD1 sequence in their disordered state,
structure, where binding shows the SOD1 sequence regions protruding from the aggregate surface (i.e., flexible segments that are free to adapt to the antigen binding sites) and no binding shows the sequence regions that are either engaged in ordered aggregate structure or otherwise hidden (Fig. 3A) . For quantification of in vivo aggregate growth, we choose antibodies 57-72, which give the strongest signal (Fig. 3A, SI Text, and Fig. S4 ).
In Vivo Aggregation Reveals Exponential Kinetics and FragmentationAssisted Growth. To target the aggregation kinetics in spinal cord tissue, we used transgenic mice expressing the ALS mutation G93A at two different cellular concentrations: hSOD1 G93A and hSOD1 G93A,50% (25) ( Table S3 ). The aggregate development in the two mouse lines was followed by (i) euthanizing mice at different time points along the disease progression, (ii) quantifying their spinal cord contents of SOD1 aggregates with the antibody assay (SI Text), and (iii) plotting this content (I) vs. age (Fig. 3 B  and C) . In hSOD1 G93A mice, aggregates are first detected at ∼14 d, and then, they grow exponentially along the lifespan, with a doubling time of t x2 = 16 ± 1 d (Fig. 3 B and C) . With the lower expression rate in hSOD1 G93A,50% , t x2 increases to 23 ± 1 d (Fig.  3B ). Thus, with respect to exponential kinetics, the in vitro and in vivo aggregation processes are indistinguishable. The different shape of raw data (i.e., sigmoidal vs. exponential) is simply caused by the in vitro time courses leveling off with monomer depletion (Fig. 1D) , whereas the in vivo time courses remain exponential because of a constant supply on new monomers (Fig. 3B) . This simplifying feature of the in vivo kinetics allows us now to take the comparison with in vitro data one step further. To examine how the in vivo aggregation depends on SOD1 concentration, we plotted κ = ln2/t x2 vs. expression level of [D] (SI Text). The result yields γ in vivo = 0.52 ± 0.05 (Fig. 3D ) within experimental error of γ in vitro = 0.49 ± 0.03 observed under fragment-assisted growth (Fig. 2B) . A clue to this mechanistic similarity is hinted at the level of aggregate structure. Despite the amorphous look of the SOD1 deposits in vivo, the purified and washed material reveals clear repetitive order when analyzed at sequence level with conformation-sensitive antibodies (Fig. 3A) . The cellular aggregates show overall structural resemblance with the in vitro fibrils, albeit that the recruited strands are partly different (Fig. 3A) . This similarity suggests that the hSOD1 G93A inclusions are, at the molecular level, fibrillar, providing an explanation for in vitro-like, fragment-assisted growth. Notably, such fragmentation-assisted kinetics do not primarily depend on the amino acid identity of the fibrillar structure per se but on its susceptibility to break up in smaller fragments on mechanical deformation (i.e., the fragility stems from the crystalline cross-β packing of the fibrillar backbone rather than from its specific sidechain composition). In the same way the sequencewise disparate proteins SOD1, β2-microglobulin (2), yeast prions (16, 17) , insulin G93A,50% mice yields a slope of γ in vivo = 0.52 ± 0.05, indistinguishable from that in vitro (Fig. 2B ). For comparison, we show also log κ from the hSOD1 G93A mice (Fig. S5 ) with 12% expression loss (G93A drifted )* and hSOD1 D90A mice forced to single exponential fit in B (D90A)*; inclusion of these data points yields γ in vivo = 0.45 ± 0.06 (R(18), WW domain (19) , TI 127 (20) , and α-synuclein (21) still display similar fibrillation behavior in vitro: the exponential increase of growing fibrillar ends on steady fragmentation comes to dominate the kinetics (3). From Fig. 3 , it is evident that this intrinsic kinetic efficiency of fragmentation-assisted growth also persists in live tissue (26) .
Higher-Order Effects. Principal component analysis of antibody assay data indicates that the hSOD1 G93A mice contain only a single and structurally quite homogenous type of SOD1 aggregates (SI Text), which is referred to as strain A (8) . To examine the more complex situation where two types of aggregate strains coexist, we analyzed the mouse model hSOD1 D90A . In addition to the common strain A, these mice also contain the structurally distinct strain B. This strain recruits only the N-terminal one-half of the SOD1 sequence (Fig. 3A) , is structurally more fragile than strain A (8), and dominates in the spinal cord of hSOD1 D90A mice with rapid disease progression (8) . For consistency, we used antibodies 57-72 targeting selectively strain A growth (SI Text). The result shows that the presence of strain B adds higher-order detail to strain A kinetics without altering the overall exponential nature of the aggregate buildup (Fig. 3) . This deviation from monoexponential kinetics indicates that the growth of the strains A and B aggregates is, at some level, coupled in vivo, although the aggregates themselves show no indication of structural mixing (SI Text). Neglecting the deviation from monoexponential growth, strain A in hSOD1
D90A yields an ad hoc doubling time of t x2 = 28 d that falls on the γ in vivo = 0.52 line of hSOD1 G93A and hSOD1
. Another indication that hSOD1 D90A mice retain an overall predictable disease progression is given by the survival time that follows the stability trend of pure strain A mice (Fig. 2C) .
Aggregate Load in Terminal Mice. With respect to neural damage, it is easy to envisage that an exponential growth of intracellular SOD1 deposits will eventually end up in a situation where the cells are no longer able to function normally, even if the aggregate structures per se are well-enclosed and molecularly benign. To examine this possibility, we compared aggregate levels in terminal animals across the different mouse models. The results show that the aggregate load at the time of death is similar for all mouse individuals, regardless of expression levels and SOD1 construct (Fig. 3C) . Moreover, the span of survival times clearly decreases with increased κ, showing that individual variability is confined to a narrow interval of SOD1 aggregate levels (Fig. 3C) . In measures of antibody staining (logI agg ), this interval has an SD of ±0.4 on more than three orders of magnitude signal. Such consistency between aggregate level and death questions the need to invoke additional toxic species (27) in the mechanism of neural damage in ALS mice. Much simpler, the neural damage can be directly assigned to stress from critical load. From spatial considerations alone, such critical load of intracellular deposits must, after all, exist, and with exponential growth, it is bound to strike rather suddenly. Intriguingly, we also estimate that the aggregate levels in terminal mice are so high that the sheer amounts of monomers required for sustained exponential growth start to exceed the SOD1 production capacity of motor neurons (SI Text). This possible overrun suggests that glial cells and perhaps, other types of neurons gradually become involved in the aggregation, consistent with their role in modifying disease in the transgenic models (28) . Regardless of what mechanistically causes cell death, the asymptomatic lag phase of ALS mice is not linked to delayed nucleation of SOD1 aggregation but arises instead from silent, exponential growth below the pathological threshold (Fig. 3B) .
Discussion
Involvement of D. Unlike other precursors of neurodegenerative disease (21, 29, 30) , the SOD1 monomer is not at all times disordered but can hide its sticky sequence material by folding up into a well-ordered and perfectly soluble β-barrel structure (7) (Fig. 1C) . This two-state behavior presents a key advantage when it comes to comparing the aggregation mechanism in vitro and in ALS mice: by gradually changing the SOD1 stability, we can gradually change the concentration of species along the folding pathway to identify which state causes the problem (Eq. 1). The result from such tuning shows that SOD1 fibrillation in vitro takes place from D (i.e., the globally unfolded state) (Fig. 2B) . Conformationwise, the precursor of SOD1 fibrillation seems, thus, equivalent to those of intrinsically disordered proteins, like α-synuclein (21), polyQ (30) , and the Aβ-peptide (29, 31) . Changing by mutation the SOD1 stability in ALS mice yields similar results, manifested in an R 2 = 0.92 correlation between survival times and tissue concentration of unfolded SOD1 (Fig.  2C) . Altering instead [D] by lowering expression level increases survival times along the same correlation (Fig. 2C) . Taken together, this close agreement between in vitro fibrillation and mouse pathology suggests that both processes are controlled by [D] , where the accelerating effect of mutation is simply caused by an increase of this concentration through decreased protein stability (i.e., −RTln½N=½D) (Eq. 1 and Fig. 1C ).
Aggregate Structure and Growth. The second agreement between in vitro and in vivo data is found at the level of aggregate structure: although the pathological SOD1 inclusions appear amorphous by tissue staining (Fig. 1B) , they reveal characteristic fibrillar structure at the molecular level (Fig. 3A) . Also, the register and detailed core composition of these fibrils vary and give rise to different structural strains (8) , consistent with disordered SOD1 having multiple sequence segments competing for intermolecular association (32, 33) . Strain A fibrils in hSOD1 G93A mice are different from those in vitro and clearly distinct from the conspicuous strain B fibrils in D90A mice (Fig.  3A) . The third and perhaps, most intriguing similarity between in vitro and in vivo data: the SOD1 aggregation in ALS mice displays exponential growth with γ in vivo = 0.52 ± 0.05 (Fig. 3D) , consistent with fragmentation control (1-4) . Although this precise translation of in vitro behavior to in vivo conditions may be surprising, it shows that the fibrillation process is robust and follows simple rules. As long as the extending fibrils will eventually break, the exponential multiplication of growing ends will come to dominate the kinetics (3). Growth seems, thus, controlled by the generic mechanical properties of the fibrils themselves rather than by their precise structural composition or environmental location. Fragmentation control is accordingly observed as a general feature on stirring, shaking, or sonication in vitro and for a variety of proteins (2, 16, 17, 19, 20) and peptides (18, 21, 29, 30) with little or no sequence similarities. The corresponding source of mechanical stress in vivo (26) could be vascular pounding, cytoskeleton dynamics, spatial restriction of linear growth, or even chaperones in the disaggregation machinery (34) . Then, why does SOD1 fibrillation not show any indication of secondary nucleation (i.e., γ = −1.5) (Eq. 3), which was observed for the shorter Aβ-peptide in vitro (35) ? The simple answer could be that the leftover parts of the SOD1 sequence that protrude disordered from the fibrillar surface effectively obstruct such sideways templating, leaving fragmentation as the main source of multiplication.
Exponential Overload. The only striking difference between the in vivo and in vitro data is in the absolute rates: the aggregate doubling time in mice (weeks) is very much slower than in agitated test tubes (hours). From γ in vivo = 0.52 ± 0.05, this ∼10
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-fold difference in growth rates would require an ∼10 6 -fold difference in monomer concentration to account for the change in aggregation rate (Eq. 3). Considering that steady-state [SOD1] in ALS mice is well in the micromolar range (SI Text), out of which 1-2% is immature apo material (36, 37) , this explanation on its own seems insufficient. Most likely, there are also other factors involved stemming from the intracellular environment and how the pathological inclusions are processed. It is reasonable to assume that an aggregate scavenging system with finite capacity cannot handle exponential growth after it has been outpaced. Thus, to maintain balance between clearance and growth (38), the deposits must at all times be kept below a critical threshold. For most proteins, this threshold might never be a problem, because the source of monomers is intrinsically scarce. For proteins with high steady-state levels, however, the situation can rapidly become critical as a result of mosaic copy number distribution (39) , stochastic protein expression (40) , or reduced capacity of the housekeeping system in aging cells (38) . How could the cells stop this from happening? Given the kinetics in Eq. 3, there are two options: reduce expression [i.e., steady-state (D)] or decrease k + k − (i.e., the rates of fibril elongation and fragmentation). However, there is no known mechanism by which a cell can turn down synthesis of a specific protein, because it aggregates. The closest is endoplasmic reticulum (ER) stress and the unfolded protein response that represses synthesis more generally, which indeed seems at work in ALS (41) . A drawback is here that unfolded protein response is only temporarily tolerated and can induce apoptosis (42) . Also, reduced SOD1 expression comes with loss of native function. The better option could be to target directly elongation and fragmentation. It is, thus, interesting that the foremost apparent in vivo response to protein aggregation involves sequestration, packing, and coating (38, 43, 44) , all of which are expected to modulate the fibrils' growth dynamics.
Implications for Cellular Proteastasis. Deposition and clearance of protein aggregates in the mammalian cytosol seem to be highly organized processes, acting as buffer to the proteosomal degradation system (38) . If the concentration of a certain protein species cannot be controlled by the proteasome, it is sequestered into aggregates, targeted for autophagy (45) , and degraded in the lysosome (43) . When it comes to the actual handling and molecular environment of the aggregates, this process seems, in turn, to operate at two gears depending on load: either nascent aggregates are cleared directly in the cytosol or if this first line of defense becomes overwhelmed, they are captured in aggresomes for degradation by other more specialized autophagy pathways (43, 44) . Although the whole-tissue kinetics in Fig. 3 do not resolve these different operational modes, an indication of their existence is provided by tissue staining, where some cells show overall diffuse cellular distribution SOD1 aggregates, whereas others show granules characteristic for aggresomes (Fig. 3E) . Regardless of which pathway the individual fibrils will take, this in vivo processing most likely modulates their behavior by involving association with other cytosolic proteins (30, 46) and spatial restrictions in aggresomes (43) that violate the fibrillar persistence length of >1 μm (47) (Fig. 3E) . However, all steps in this regulatory pathway are not necessarily evolved to suppress aggregate growth, because there is evidence that cytosolic chaperone systems, like Hsp110/Hsp70/Hsp40 (48), can also catalyze the sequestration of excess monomers by active fibril fragmentation as observed in yeast (34) . On this basis, it is conceivable that stable proteostasis sustains as long as the clearance system maintains the aggregate levels below a safe threshold, where natural fluctuations in the aggregate levels [for example, as a result of stochastic proteome expression (40) ] are efficiently buffered by transient overspill into aggresomes and induced autophagy pathways (43, 45) without long-term effects. If the load of monomers is, instead, kept persistently high, like in overexpressing ALS mice, the system is at risk to eventually become outpaced, setting free uncontrolled exponential growth of aggregates. At this point, the only remedy could be to cut the supply of new monomers as already proved to be efficient in G93A mice (49) (50) (51) . From the data in Fig. 3 , it is apparent that proteostasis collapse occurs after just a few weeks in hSOD1 G93A mice, leaving steady exponential growth that continues into the terminal stage. We raise here the question if the still relatively slow kinetics of this growth (Table S3 ) reflect an underlying in vivo suppression of k + k − (Eq. 3) that helps aggregate processing under normal conditions, perhaps through coating or steric interference. It also remains to establish the kinetics of aggregate clearance and where in the aggregate turnover the exponential growth takes place: is it at the level of nascent aggregates, during handling and dynein-mediated transport, or in the aggresomes themselves? An interesting detail is that the total amount of SOD1 aggregates in spinal cord terminal ALS mice (Fig. 3C ) corresponds to merely a week of steady-state production (SI Text), indicating an irreversible capture of a small fraction of the total monomer flux, high aggregate turnover, or a combination of both. Extrapolating these data from overexpressing mice to late-onset human pathology is not straightforward. A reductionist view, however, would be that analogous collapse of the human proteostasis occurs as a result of an abnormally age-declined or otherwise compromised housekeeping machinery, leaving SOD1 wt as an inherently oversaturated protein (52) to fall through (sporadic or familial SOD1 wt ALS). Alternatively, neurons expressing mutant SOD1 with elevated levels of immature apo species or decreased repulsive charge (7, 35) raise the aggregate load to a point where collapse is bound to occur, even with the normally aging housekeeping system (familial SOD1 mutant ALS). If so, the SOD1 aggregate levels in the spinal cord should, in both cases, display a 40-to 60-y lag followed by a sudden exponential multiplication, leading to disease onset.
Perspective on Neural Damage and Disease Intervention. The cause of neural damage in ALS is yet poorly understood, largely because of the inherent challenge of singling out a key decisive factor in the global cellular response to SOD1 aggregation. Qualified suggestions range from erroneous radical production (53), chaperone overload (54, 55) , and aggregate sequestration of essential proteins (56) to toxic oligomers analogous to those implicated in other neurodegenerative diseases (37, 57) . The results from this study add yet another possibility to put to experimental test: general aggregate overload. Exponential aggregate growth as observed in the ALS mice will inevitably come to a point where the cells can no longer cope with the mass load, although the inclusions themselves are molecularly benign. Although this perspective is admittedly imprecise about the mechanism of neural damage, it has the advantage of moving focus upstream: what triggers the chain of events leading to this criticality? Because innate housekeeping apparently succeeds to keep patients with highly aggressive SOD1 mutations symptomfree for decades (58) , it is reasonable to assume that even a subtle help on the way could significantly delay onset. As inferred from the discussion above, a challenge could be that therapeutic intervention directed to, for example, reduce SOD1 expression (49) (50) (51) or otherwise aid aggregate turnover (57) needs to be implemented presymptomatically to yield optimal results: after exponential aggregate growth has commenced, any interference with expression or k + k − (Eq. 3) would be limited to square root response on the progression (Fig. 3D) . Although the validity of these extrapolations has yet to be confirmed, the results presented in this study show that the field is now in position to put these mechanistic questions and related ones to strict experimental test in vivo. At a more fundamental level, the results also move the question about how simplistic in vitro aggregation behavior translates to in vivo conditions one step farther: how does the test tube behavior of overexpressing mice translate to human disease?
Materials and Methods
Mutagenesis, expression, and purification were the same as in refs. 14 and 22, and experiments were performed at 37°C in 10 mM MES buffer at pH 6.3 unless otherwise stated. EM pictures were prepared as in ref. 7 . Determination of the unfolded protein population was according to refs. 7, 14, and 59-62 and SI Text. Fibrillation was measured at 37°C in standard 96-well plates in a FLUOstar Omega Microplate Reader (BMG Labtech,) with 3/32-in Teflon beads. All animal use and procedures were approved by the Umeå Regional Ethics Committee for Animal Research.
